Rotational properties of the superheavy nucleus 256 Rf in particle-number conserving 

cranked shell model 
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The kinematic and dynamic moments of inertia of the ground state band in the recently observed 
nucleus 256 Rf and some neighboring even-even nuclei are investigated by using a cranked shell 
model (CSM) with the pairing correlations treated by a particle-number conserving (PNC) method, 
in which the blocking effects are taken into account exactly. The determined spin of the observed 
ground state band in 256 Rf by comparing the kinematic moments of inertia with the calculations 
of the PNC-CSM agrees with previous spin assignment. The effects of the high order deformation 



se on the delayed alignment in 254 No relative to 
discussed. 
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In recent years, the in-beam spectroscopy of the nu- 
clei with Z rj 100 has become a hot topic Jl|-^|. These 
transfcrmium nuclei bring new information for the do- 
main of superheavy nuclei. Experimental results show 
that these nuclei are well deformed. Due to deforma- 
tion effects, the orbitals originating from the spherical 
subshclls which arc important to the next magic number 
may come close to the Fermi surface in these deformed 
nuclei. For example, the 7rl/2 _ [521] and 7r3/2~[521] or- 
bitals are of particular interest since they stem from the 
spherical spin doublets 7r2/ 5 / 2 .7/2 orbtials, whose split- 
ting is very important to the location of the next proton 
shell closure. The high spin rotational states of these 
transfcrmium nuclei can give valuable information about 
the single particle orbitals near the Fermi surface, espe- 
cially the high-j intruder orbitals {vjis/2 or 7ri 13 / 2 ) which 
are sensitive to the Coriolis interaction. 

In our previous work , the spectroscopy of the nuclei 
with A « 250 is systematically investigated by a particle- 
number conserving(PNC) method based on cranked shell 
model (CSM) J8|, with a new Nilsson parameter set 
which is obtained by fitting the experimental single- 
particle spectra in these nuclei. The calculated bandhead 
energies of the 1-quasiproton and 1-quasineutron bands 
in odd- A nuclei are improved dramatically comparing 
with those calculated by using the traditional Nilsson 
parameter The experimental kinematic moments 

of inertia (MOI's) for the rotational bands in even-even, 
odd-A, and odd-odd nuclei are reproduced quite well by 
the PNC-CSM calculations. In contrary to the conven- 
tional Bardeen-Cooper-Schricffcr (BCS) or Hartree-Fock- 
Bogolyubov (HFB) approach, in the PNC method, the 



CSM Hamiltonian is solved directly in a truncated Fock- 
space [[ll]. Therefore the particle-number is conserved 
and the Pauli blocking effects are taken into account ex- 
actly. 

Quite recently, the ground state band (GSB) with spin 
up to 20fi was observed in the even-even superheavy nu- 
cleus 256 Rf (Z = 104) |J|. The two lowest-lying transi- 
tions of this rotational band are not observed in exper- 
iment due to the strong competition from internal con- 
version. Therefore the Harris 2-parameter expansion for- 
mula m, n was used to extrapolate the energies of these 
transitions. It is worthwhile to mention that Rf is the first 
element whose stability is entirely derived from the shell 
correction energy, and this element marks the gateway 
to superheavy elements |ll|. The spectrum and MOI's 
of 256 Rf can give information about the single-particle 
structure and the pairing interaction of the superheavy 
nuclei and provide a test for current nuclear models. 

In this Rapid Communication, the PNC-CSM is used 
to investigate the rotational properties of 256 Rf in com- 
parison with some neighboring even-even nuclei. The 
spin of the experimentally observed lowest-lying transi- 
tion in the GSB is determined by comparing the MOTs 
extracted from different spin assignments with the calcu- 
lations of the PNC-CSM. 

The CSM Hamiltonian of an axially symmetric nucleus 
in the rotating frame can be written as 



ffcsM = H + Hp = Hmi - uJ x + H P 



(1) 
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where -f^ii is the Nilsson Hamiltonian, —ujJ x is the Cori- 
olis interaction with the cranking frequency uj about the 
x axis (perpendicular to the nuclear symmetry z axis). 
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Hp = Hp(0) + Hp(2) is the pairing interaction, 
H P (0) = -Go^a^afjQ^ , 



in 



Hp (2) = -G 2 ^2q2{£,)(l2(v) a lala n a v 



(2) 
(3) 



where £ (77) labels the time-reversed state of a Nilsson 

state £ (77), g 2 (0 = x/167r/5(£|r 2 y 2 olO is the diago- 
nal element of the stretched quadrupole operator, and 
Go and G2 are the effective strengths of monopole and 
quadrupole pairing interactions, respectively. 

Instead of the usual single-particle level truncation in 
conventional shell-model calculations, a cranked many- 
particle configuration (CMPC) truncation (Fock space 
truncation) is adopted which is crucial to make the PNC 
calculations for low-lying excited states both workable 
and sufficiently accurate Jl(|. An eigenstate of -ffcsM 
can be written as 



i*) = £g 



(Ci real), 



(4) 



where \i) is a CMPC (an eigenstate of the one-body op- 
erator Ho). By diagonalizing the Hcsm in a sufficiently 
large CMPC space, sufficiently accurate solutions for low- 
lying excited eigenstates of Hcsm are obtained H. 
The kinematic and dynamic MOI for the state are 
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J(2) = { y\J x \*) 
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The parameters used in this work are all taken from 
Ref. fn. The traditional Nilsson parameters (k and /x) 
fTo] . |l7f arc optimized to reproduce the experimental level 
schemes for the rare-earth and actinide nuclei near the 
stability line. However, this parameter set can not de- 
scribe well the experimental level schemes of transfer- 
mium nuclei. Therefore we proposed a new set of Nilsson 
parameters (k and /1) in |7], |l8| which was obtained by 
fitting the experimental single-particle spectra in these 
nuclei. 

The experimental values of the deformation parame- 
ters for the transfcrmium nuclei are very scare and the 
predictions of different theories are not consistent with 
each other |§^|||. In the PNC-CSM calculations, the 
deformations are chosen to be close to existing experi- 
mental values and change smoothly with the proton and 
the neutron numbers. The deformation parameters of 
256 Rf can be extrapolated from Table II in Ref. jjj as 
e 2 = 0.255 and e 4 = 0.025. 



The CMPC space in this work is constructed in the 
proton N = 4, 5, 6 shells and the neutron N = 6, 7 shells. 
The dimensions of the CMPC space are about 1000 both 
for protons and neutrons. The effective pairing strengths 
are G p = 0.40 MeV, G 2p = 0.035 MeV, G n = 0.30 MeV, 
and G 2n = 0.020 MeV, which are the same for all even- 
even nuclei in this mass region (see Table III in Ref. [Q ) . 

Figure [l] shows the calculated cranked Nilsson levels 
near the Fermi surface of 256 Rf. The positive (negative) 
parity levels are denoted by blue (red) lines. The signa- 
ture a = +1/2 (a = —1/2) levels are denoted by solid 
(dotted) lines. From Fig. [y it can be seen that there exist 
a proton gap at Z = 100 and a neutron gap at N = 152, 
which is consistent with the calculation by using Woods- 
Saxon potential [^0|, p2| . The Z = 104 proton energy 
spacing in our calculation is about 0.5 MeV, which is 
much larger than that of Z = 102. This situation is the 
opposite in Ref. J2(J. Nevertheless, the Z = 104 gap 
in our calculation is not very significant comparing with 
that calculated by the self-consistent mean field mod- 
els ^l], |23| , which is usually larger than 1 MeV. For pro- 
tons, the sequence of single-particle levels near the Fermi 
surface in our calculation is quite similar with that deter- 
mined from the experimental information of 255 Lr [ p4[ , in 
which the energies of 1/2~[521] and 7/2~[514] are nearly 
degenerate. For neutrons, it is shown experimentally that 
the ground state of 255 Rf is 9/2~[734] §§, which is also 
consistent with our calculation. So the Nilsson levels used 
in our calculation are quite reasonable. 

The kinematic MOI's depend sensitively on the spin 
assignment. In Fig. || we show the comparison of ex- 
perimental kinematic MOI's of the GSB in 256 Rf ex- 
tracted from different spin assignments with the calcula- 
tions from PNC-CSM. The red up-triangles, black solid 
circles and blue down-triangles denote the experimental 
MOI's extracted by assigning the observed lowest-lying 
161 keV transition as 8+ -> 6+, 6+ -> 4+, and 4+ -> 2+, 
respectively. Our calculation agrees very well with the 
6 + — > 4 + assignment, and it is consistent with the spin 
assignment using the Harris formula in Ref. [|l2[ . So in 
the following calculation, the 161 keV transition is as- 
signed as 6 + — > 4 + and the deduced energies of 4 + — > 2+ 
(104 keV) and 2+ -> 0+ (44 keV) in Ref. @ are also 
used to extract the experimental kinematic and dynamic 
MOI's in the GSB of 256 Rf. It will be an interesting 
topic to make the spin assignment by using some other 
rotational formulae or models [P6|-p3[. It is noted that 
spin assignment for the rotational bands in 253 No 0] 
have already made in Ref. |3j| using a 2-parameter ab 
formula gfj, 

In order to study the rotational properties of 256 Rf, the 
experimental (solid circles) and calculated (solid lines) 
kinematic MOI's jM for 256 Rf and the neighboring even- 
even nuclei 250 Fm ||| and 252 < 254 No 0, |§ are shown 
in Fig. ||. The results for the last three nuclei can also 
be found in our previous work 0. It can be seen that 
the absolute values of the MOI's for these four nuclei are 
reproduced quite well, especially for 256 Rf. This again 
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FIG. 1. (Color online) The cranked Nilsson levels near the Fermi surface of 256 Rf (a) for protons and (b) for neutrons. The 
positive (negative) parity levels are denoted by blue (red) lines. The signature a = +1/2 (a = —1/2) levels are denoted by 
solid (dotted) lines. 
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FIG. 2. (Color online) The comparison of experimental kine- 
matic MOI's of the GSB in 256 Rf extracted from different spin 
assignments with the PNC-CSM calculations. The red up- 
triangles, black solid circles and blue down-triangles denote 
the experimental MOI's extracted by assigning the 161 keV 
transition as from 8 + — > 6 + , 6 + — > 4 + . and 4 + — > 2 + , respec- 
tively. The data are taken from Ref. |12j] . 
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FIG. 3. The experimental (solid circles) and calculated (solid 
lines) kinematic MOI's J (1) for 256 Rf and the. neighboring 
even-even nuclei 250 Fm lie] and 252 ' 254 No lil "~ 



J. The cal- 
culated results for 250 Fm and 252,254 No can also be found in 
Ref. §. 



indicates that the single-particle levels we adopted are 
reasonable in this mass region, which shows that there 
exist a proton gap at Z = 100 and a neutron gap at N = 
152 and there is no significant proton gap at Z = 104. 

In Fig. [| we show the experimental (solid circles) and 
calculated (solid black lines) dynamic MOI's J^ 1 for 
256 Rf and the neighboring even-even nuclei 250 Fm |3(| 
and 252 > 254 No The experimental dynamic MOI's 

j(2) for 256 Rf are reproduced perfectly by the PNC-CSM 
calculation. For the other nuclei the results are quite 



reasonable although some deviations exist. As pointed 
out in Ref. p2|, the alignment of N = 150 isotones 
( 250 Fm and 252 No) occurs a little earlier than that of 
N = 152 isotones ( 254 No and 256 Rf) and is delayed in 
254 No relative to 256 Rf. The upbending mechanism in 
this mass region has been investigated in detail in our 
previous wor k M . Similar results have been achieved by 
other models p9| . However, we can not reproduce the 
alignment delay in^ 54 No. In Ref. pO| , this phenomenon 
is explained in terms of /3§ deformation which decreases 
the energies of the neutron j 15 / 2 intruder orbitals below 
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FIG. 4. (Color online) The experimental (solid circles) 
and calculated (solid black lines) dynamic MOI's j' 2 ' for 
256 Rf and the neighboring even-even nuclei 250 Fm |3f| and 

252,254 Nq ||j lineg regu l tg wllen tJle jjjgjj 

order deformation parameter ee is considered in the PNC- 



CSM calculation. e 6 for asu Fm, '^'^No, and 256 Rf are 0.044, 
0.040,0. 042, and 0.038, respectively, which are taken from 
Ref. fj]J. 



the N = 152 gap. Here in Fig. ^ we show our results 
after considering this high order deformation. The red 
lines are the results when £q is considered in the PNC- 
CSM calculation. e 6 for 250 Fm, 252 > 254 No, and 256 Rf are 
0.044, 0.040, 0.042, and 0.038, respectively, which are 
It can be seen that the £6 deforma- 



taken from Ref. 1 19 



tion have prominent effect in the higher spin region. The 
results arc improved after considering this deformation in 
the PNC-CSM. Note that the deformation parameter £q 



is fixed during our calculation while it is changing with 
the rotational frequency in the Total Routhian Surface 
(TRS) calculation in Ref. We expect that after con- 
sidering this effect, the results can be improved further. 

In summary, the recently observed high-spin rota- 
tional GSB in 256 Rf is analyzed by using a cranked shell 
model with the pairing correlations treated by a particle- 
number conserving method in which the blocking effects 
are taken into account exactly. Both the experimental 
kinematic and dynamic MOI's arc reproduced quite well 
by the PNC-CSM calculations. The spin of the experi- 
mentally observed lowest-lying transition in the GSB is 
determined by comparing the MOI's extracted from dif- 
ferent spin assignments with the calculations of the PNC- 
CSM. The rotational property differences between 256 Rf 
and some neighboring even-even nuclei are illustrated. 
The effects of the high order deformation e$ on the de- 
layed alignment in 254 No relative to 256 Rf is discussed. 
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